
































































































第２章 オレイン酸を原料とした反応性ポリオレフィンの合成と自動酸化による接着性の発現     10 
2.1 緒言 
2.2 1-decene をモノマーとしたモデル重合 
2.3 オレイン酸を原料としたモノマー(M1)の合成 
2.4 M1 の重合反応と構造解析 














第 4章 テルペノイド由来の 1,3-ジエン成分を原料とした反応性エラストマーの合成              70 
4.1 緒言 
4.2 シトラールを原料とした 1,3-ジエンの合成 

































































































Kleij らはリモネンオキシドと CO2 の共重合体を合成し、リモネンオキシドユニットのオレフィン部位
をチオール-エン反応で修飾し、共重合体の Tg や Tdの向上等を報告している 11-13。Greiner らもリモネ
ンオキシドと CO2 の共重合体にチオール-エン反応で様々なチオール類を付加させ、ゴム弾性、対バク
テリア性、親水性、海水への溶解性等をポリマーに付与したことを報告している 14(Fig. 1-1)。 
 
 
Fig. 1-1 Post functionalization reactions of copolymer 14 
 




































































オレイン酸は石油化学資源(1-decyne)から合成しようとすると 6 段階の工程を必要とするため 20, 21、そ
のオレイン酸から誘導される M1 も石油化学資源からは得難いモノマーと言える。 
 
 
Scheme 1-2 Synthesis of target monomer (M1) from oleic acid. 
 



























いて述べる。第 4 章ではシトラールから誘導した 1,3-ジエンと、オシメンと言うラベンダー精油から得
られる 1,3-ジエンを原料に反応性エラストマーの合成を行った。 
 以上、本研究で開発した手法はこれまでに報告例がなく、これを実現するための重要な要素や方法論
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2.2 1-decene をモノマーとしたモデル重合反応 
オレイン酸の脱カルボキシル化反応で得られる長鎖非共役ジエン（以降、M1 と呼称する）は末端オ
レフィン部位と内部オレフィン部位を有している。構造的に明確なポリオレフィンを得るためには、立
体選択的かつ M1 の末端オレフィン部位選択的な重合反応が進行する必要がある。Kaminsky らは C2対
称の架橋型ジルコノセン錯体とメチルアルミノキサン(MAO)の触媒系が立体選択的な重合反応を進行
させることを報告している 4。Wahner らは特に Et(Ind)2ZrCl2/MAO が長鎖α-オレフィンである 1-
decene の isotactic 選択的な重合反応に有効な触媒であることを報告している 5。これらの報告から、こ
の触媒系が本研究目的にも有効と考え、内部オレフィンのモデル化合物である(6Z)-6-dodecene 存在下
で Et(Ind)2ZrCl2/MAO での 1-decene の重合反応を行った(Scheme 2-2)。 
 
 
Scheme 2-2 Polymerization of 1-decene and (6Z)-6-dodecene with Et(Ind)2ZrCl2. 
 











Mn Mw / Mn 
Model-1 16 0.5  32000 : 1 25 82 19,500 1.67 
Model-2 16 0.5  32000 : 1 50 85 14,400 1.55 
a : mixture of 1-decene (16 mmol) and (6Z)-6-dodecene (16 mmol) 
solvent : toluene 1.9 mL 
reaction time : 24 h 
 
重合反応の結果、それぞれの条件で透明かつ粘度の高い油状のポリマーが得られた(Table 2-1)。分子
量は Mn = 15,000 ~ 20,000 程度であり、Wahner らが報告した 1-decene の単独重合で得られるポリマー
の分子量とほぼ同等の値を示した(Table 2-1)。得られた化合物の 13C{1H} NMR スペクトルを解析した
結果、Poly-1-decene に帰属できる 10 本の非等価なシグナルが観測された(Fig. 2-1)。従って、内部オ
レフィン部位に影響されることなく、末端オレフィン部位選択的に重合反応が進行した事が明らかにな
った。更に、得られたポリマーのタクティシティは 13C{1H} NMR スペクトルより mmmm 分率=90%の
高い isotactic 選択性を示した。これらの結果から、Et(Ind)2ZrCl2/MAO の触媒系を用いることで M1






























Scheme 2-3 Synthesis of M1 from oleic acid 
 
既報の論文の手法に従い、オレイン酸の脱カルボキシル化反応でモノマーM1 を収率 70％で得た 1-3。
化合物の同定は 1H NMR スペクトルおよび、13C{1H} NMR スペクトルにより、オレイン酸や 1-decene
等の構造が類似した化合物の帰属を参考に行った。反応中の副反応として位にオレフィンが異性化し






























2.4 M1 の重合反応と構造解析 
 
Table 2-2 Results of polymerization reactions 
a A: Et(Ind)2ZrCl2 B: (Ind)2ZrCl2 C: Ph2C(Cp)(9-fluolenyl)ZrCl2. These structures were described in Fig. 2-5 
b Estimated by GPC calibrated on polystyrene standards. c Degree of polymerization 
 
Scheme 2-4 Synthesis of P1 from oleic acid with cat. A 
 
Scheme 2-5 Synthesis of P1 from oleic acid with cat. B 
 









Mn × 10-3 b PDI DP c 
1 1.7 A 0.5  3400  25 90 12.8 1.54 54 
2 1.7 A 0.2  8500  50 88 8.30 1.52 35 
3 1.7 A 0.2  8500  25 82 11.2 1.69 47 
4 3.4 A 0.2 17000  25 80 16.4 1.55 69 
5 5.1 A 0.2 25500  25 45 15.6 1.69 66 
6 3.4 B 0.2 17000  25 42 12.7 1.71 54 




2.2 での検討の結果を基に Et(Ind)2ZrCl2/MAO での M1 の重合反応を M1と触媒の比率を変えて実施
した(Table2-2)。全ての条件で重合反応は進行し、分子量は最大で Mn =16,400 のポリマーが得られた






34.8 ppm のシグナルに注目したところ、シャープなシグナルが 1 本のみ観測された。この結果から、
isotactic選択率（mmmm率）99％以上と判断した(Fig.2-6(c))。比較のため、非架橋型の(Ind)2ZrCl2/MAO
で M1 の重合反応を行った結果、Mn =12,700 のポリマーが得られた(entry 6, Table2-2)。1H NMR およ




シグナルの帰属は既報の文献 6,7を参考に行った(Fig.2-13, Table 2-3)。従って、(Ind)2ZrCl2/MAO での




Fig. 2-6 1H NMR spectra of (a) M1 and (b) iso-P1 (600 MHz, C2D2Cl4, 373 K). 13C{1H} NMR spectra of (c) iso-










Fig. 2-7 13C{1H} NMR spectrum of iso-P1 (150 MHz, C2D2Cl4, 373 K). 
 













Fig. 2-11 13C{1H} NMR spectrum of ata-P1 (150 MHz, C2D2Cl4, 373 K). 
 
 





Fig. 2-13 13C{1H} NMR spectrum of ata-P1 (C15 region) (150 MHz, C2D2Cl4, 373 K). 
 































これまでの検討で isotactic 体、atactic 体のポリマーが得られたため、syndiotactic 体の合成を目的に





Scheme 2-6 Polymerization of M1 with Ph2C(Cp)(9-fluolenyl)ZrCl2. 
 








Monomer : MAO : Cat. Time (h) Yield (%) 
Syn-1 Lot 1 3.4 0.2 0.2 17000 : 1000 :1 24 Not reacted 
Syn-2 Lot 1 3.4 0.2 0.2 17000 : 1000 :1 48 Not reacted 
Syn-3 Lot 2 a 3.4 0.2 0.2 17000 : 1000 :1 24 Not reacted 
Syn-4 Lot 2 a 3.4 0.2 0.2 17000 : 1000 :1 48 Not reacted 
Syn-5 Lot 2 (dried) b 3.4 0.2 0.2 17000 : 1000 :1 24 Not reacted 
Syn-6 Lot 2 (dried) b 3.4 0.2 0.2 17000 : 1000 :1 48 Not reacted 
Syn-7 Lot 3 c 3.4 0.2 0.2 17000 : 1000 :1 24 Not reacted 
a M1 was synthesized again.  
b M1 was synthesized again. M1 was dried with CaH2 and stored in activated molecular sieve. 


















これは Cat. A と Cat. C の触媒の構造の違いに起因すると考えられる。Cat. A と Cat. C の触媒の結晶
構造を Side View から比較すると、Cat. C の方が中心金属のジルコニウムが配位子よりせり出した構造
を取っている(Fig.2-14)。よって、M1 の末端オレフィンが Cat. C に挿入した後に、配位環境の僅かな違
いで内部オレフィンの配位が起きてしまうことで、新しい M1 が触媒に接近出来なくなるためと考え




Fig. 2-14 Proposal mechanism of deactivation of cat. C by coordination of M1  
 



















られた P1 も類似の構造を有するため、自動酸化反応が起きうるかを確認すべく iso-P1 を空気中で熱処
理を行った。熱処理前のポリマーは粘性が高いオイル状であるが、加熱すると寒天状に硬化する現象が
確認できた。熱硬化によって得られたサンプルを iso-P1-CR と呼称する。IR スペクトルを測定した結
果、加熱の前後で側鎖中のオレフィン C-H 結合由来の伸縮振動に帰属される 3050 cm-1のピークが消失





れる(Fig.2-16)。また、TGA 測定にて、空気下、120℃で iso-P1 を加熱し続けた際の質量変化を追跡し




Fig. 2-15 IR spectra of iso-P1 and iso-P1-CR (left), ata-P1 and ata-P1-CR (right) 
 





Fig. 2-17 TGA curves of iso-P1 (Air flow 200 mL/min., 120 °C, 4 h). 
 















































高い接着性を発揮することが明らかになった。今回の検討では iso-P1 において 120 ℃、20 時間の条件
で最大で 0.16 N/mm2の接着性を発揮した。同条件で ata-P1 の接着性を評価したところ、iso-P1 の半分
程度の 0.08 N/mm2の接着性であった。 
 
 



























































フィンを有する M1 の合成を行った。内部オレフィンのモデル化合物である(6Z)-6-dodecene 存在下で
の 1-decene モデル重合反応を経て、M1 の末端オレフィン部位選択的重合に Et(Ind)2ZrCl2/MAO の
触媒系(Cat. A)が有効であると明らかにした。Cat. A を使用した M1 の重合反応は、末端オレフィン
部位選択的かつ isotactic 選択的に進行した。更に、(Ind)2ZrCl2/MAO の触媒系(Cat. B)を使い分ける



































Oleic acid was purchased from TCI chemical. Zirconium catalysts were purchased from WAKO chemical. 
Methylaluminoxane (MAO) (7 wt% aluminium in toluene) was purchased from Sigma-Aldrich. Other materials and 
solvents were purchased from Sigma-Aldrich and TCI. All of the regents were used without further purification 
unless otherwise stated. All solvents were dried by CaH2 before using. 
 
General measurements and characterization 
The 1H and 13C{1H} NMR spectra were collected on a Bruker AVANCEIII 600 spectrometer (600 MHz) at 100 °C 
with C2D2Cl4 as the solvent. FT-IR spectra were run on a JASCO FT-IR 6800 spectrometer with KBr discs. 
Molecular weight of polymers was estimated by a GPC system equipped with polystyrene gel columns, using CHCl3 
as an eluent after calibration with polystyrene standards. Thermogravimetric analyses (TGA) were carried out using 
TG/DTA6300 systems from Seiko Instruments Inc. The UV-vis spectra were recorded on a JASCO V-630 
spectrometer. 
 
Polymerization procedure of 1-decene  
Et(Ind)2ZrCl2 0.21 mg (0.50 μmol) was dissolved in 0.1 mL toluene. A 20 mL dried greaseless Schlenk 
tube was charged with dry toluene (1.8 mL), 1-decene 3.00 mL (2.22 g, 16.0 mmol), cis-6-dodecene 3.60 
mL (16.0 mmol), MAO (0.50 mmol), and catalyst solution (0.1 ml, 0.5 μmol). 1-decene/MAO/catalyst ratio 
was 32000:1000:1. The reaction was carried out at 25 °C and was quenched after 24 h by addition of 1 mL 
methanol and 1 mL of HCl (3.5% in water). The reaction mixture was diluted with 20 mL of CHCl 3 and 
washed two times with 15 mL of distilled water. After drying the organic fraction over Na2SO4, the solvent 
was removed under vacuum. Residual monomer was removed by dissolving the product in CHCl3 followed 
by precipitation with 300 mL of methanol for overnight. Subsequently the product was dried in vacuum. 
1.82 g of transparent viscous oily product was obtained (yield 82%).  
1H NMR (600 MHz, C2D2Cl4, 373 K):  = 1.49–1.25 (br, 15H), 1.20-1.10 (br, 2H), 0.95 (t, 3H); 13C{1H} NMR 
(150 MHz, C2D2Cl4, 373 K):  =40.5, 35.0, 32.7, 31.7, 30.1, 29.5, 29.1, 26.4, 22.4, 13.7. 
 
Synthesis of M1 ((8Z)-1,8-heptadecadiene) 
A dried 200 mL flask was charged with oleic acid (7.16 g, 25.0 mmol), pivalic anhydride (9.20 g, 50.0 
mmol), palladium chloride(II) (133 mg, 0.750 mmol), bis[2-(diphenylphosphino) phenyl] ether (1.21 g, 
2.25 mmol), and triethylamine (0.300 mL, 2.30 mmol). N,N'-dimethylpropyleneurea (50 mL) was added 
and degassed by 3 times of freeze-pump-thaw cycles. The reaction was stirred 15 h at 110 °C. After the 
reaction was complete (monitored by TLC), 200 mL of ethyl acetate was added and the organic layer was 
washed with 200 mL of saturated ammonium chloride aqueous solution and brine. The product was filtered 
through an amine functionalized silica gel pad (Φ60 x 50 mm) using hexane  as eluent. After concentrating 
to dryness, crude product was purified by silica column chromatography (Φ50 x 150 mm) using hexane as 
eluent. After concentrating to dryness, pure product (4.2 g, 71%) was obtained as a transparent oil.  
32 
 
1H NMR (600 MHz, C2D2Cl4, δ): 5.84–5.79 (ddt, J = 16.8, 10.0, 6.8 Hz, 1H), 5.39–5.33 (m, 2H), 5.02–4.94 (m, 
2H), 2.06–2.02 (m, 6H), 1.41–1.27 (m, 18H), 0.89 (t, J = 6.9 Hz, 3H) ; 13C{1H} NMR (150 MHz, C2D2Cl4, δ):139.1, 
130.0, 129.7, 114.2, 33.7, 31.8, 29.7, 29.5, 29.4, 29.2, 28.8, 28.7, 27.1, 27.0, 22.6, 14.1. 
 
Polymerization procedure of isotactic-P1 (entry 4 in Table 2-2) 
Et(lnd)2ZrCl2 (5.0 μmol) was dissolved in 2.5 mL toluene. A 20 mL dried greaseless Schlenk tube was 
charged with dry toluene (2.0 mL), M1 803 mg (3.40 mmol), MAO in toluene (0.2 mL, 0.20 mmol-Al), 
and catalyst solution (0.10 mL, 0.20 μmol). M1/MAO/catalyst ratio was 17000:1000:1. The reaction was 
carried out at 25 °C and was quenched after 24 h by addition of 1 mL methanol and 1 mL of HCl (3.5% in 
water). The reaction mixture was diluted with 10 mL of CHCl3 and washed two times with 10 mL of 
distilled water. After drying the organic fraction over Na2SO4, the solvent was removed under vacuum. 
Residual monomer was removed by dissolving the product in CHCl3 followed by precipitation with 300 
mL of methanol for 2 days. Subsequently, the product was dried in vacuum. 641 mg of transparent viscous 
oily product was obtained (yield 80%). 
1H NMR (600 MHz, C2D2Cl4, 373 K, δ): 5.42–5.37 (m, 2H), 2.08–2.06 (br, 4H), 1.51–1.21 (br, 21H), 1.20-
1.10 (br, 2H), 0.94 (t, 3H); 13C{1H} NMR (150 MHz, C2D2Cl4, 373 K, δ): 129.7, 129.6, 40.4, 34.9, 32.6, 
31.6, 29.8, 29.7, 29.6, 29.3, 29.1, 29.0, 27.2, 27.1, 26.4, 22.3, 13.7. 
 
Polymerization procedure of atactic-P1 (entry 6 in Table 2-2) 
(Ind)2ZrCl2 was synthesized referring to reported procedure.19 (Ind)2ZrCl2 (5.0 μmol) was dissolved in 2.5 
mL toluene. A 20 mL dried greaseless Schlenk tube was charged with M1 803 mg (3.40 mmol), MAO 
(0.20 mmol), and catalyst solution (0.10 mL, 0.20 μmol). M1/MAO/catalyst ratio was 17000:1000:1. 
Polymerization and purification were conducted with same procedure to above. 
1H NMR (600 MHz, C2D2Cl4, 373 K, δ):  5.43–5.37 (m, 2H), 2.08–2.06 (br, 4H), 1.58–1.10 (br, 23H), 0.94 (t, 
3H); 13C {1H} NMR (150 MHz, C2D2Cl4, 373 K, δ): 129.7, 129.6, 41.6-40.5(br), 34.9-33.6(br), 32.9, 31.6, 29.8, 
29.7, 29.6, 29.3, 29.1, 29.0, 27.2, 27.1, 26.4-25.8(br), 22.3, 13.7.  
 
Polymerization procedure (entry 7 in Table 2-2) 
Ph2C(Cp)(9-fluolenyl)ZrCl2 0.28 mg(5.0 μmol) was dissolved in 2.5 mL toluene. A 20 mL dried greaseless 
Schlenk tube was charged with dry toluene (2.0 mL), M1 803 mg (3.40 mmol), MAO (0.20 mmol), and catalyst 
solution (0.10 mL, 0.20 μmol). M1/MAO/catalyst ratio was 17000:1000:1. The reaction was carried out at 25 °C 
and was quenched after 24 h by addition of 1 mL methanol and 1 mL of HCl (3.5% in water). The reaction 
mixture was diluted with 10 mL of CHCl3 and washed two times with 10 mL of distilled water. After drying the 
organic fraction over Na2SO4, the solvent was removed under vacuum. Residual monomer was removed by 
dissolving the product in CHCl3 followed by precipitation with 300 mL of methanol for 2 days. Polymer was not 





Radical polymerization procedure  
A 20 mL dried greaseless Schlenk tube was charged with dry toluene (3.0 mL), M1 400 mg (1.69 mmol), and 
azobisisobutyronitrile (AIBN) 18.0 mg (0.110 mmol). The reaction was carried out at 90 °C for 24 h. After the 
reaction, the solvent was removed under vacuum. Residual monomer was removed by dissolving the product in 
CHCl3 followed by precipitation with 300 mL of methanol for 2 days. Polymer was not obtained and M1 was 
recovered. 
 
Preparation of thermoset polymer (iso-P1-CR) 
100 mg of iso-P1 was applied to top of KBr crystal cube. The sample was placed on petri dish and heated in oven 
at 120 °C under air for overnight. Cured sample was dipped into the distilled water, then iso-P1-CR sheet was 
obtained. 
 
Simplified lap shear test 
Lap shear tests were conducted referring to JISK6850. PE, PP, glass, aluminium and stainless steel plates were 
used as substrates with a size of 10 cm (length) × 2.5 cm (width) × 2.0 mm (thickness). The overlap area was 1.2 
× 2.5 cm2. All substrates were washed with CHCl3 before use. 60 mg of P1 was applied on the overlap area. The 
substrates were clamped and cured by heating in an oven for various time (4-20 h) and then placed at room 
temperature for 24 h. Lap shear adhesion measurements were conducted by adding various weight to the 
substrates. The maximum bonding force in Newtons was recorded. The lap share strength in MPa scales was 
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Scheme 3-2 Synthesis of reactive polyolefins from various fatty acids 
 
 
3.1.2 ②自動酸化とは異なるアプローチでの P1 の化学修飾 
 第２章では P1 の内部オレフィン部位を起点とした自動酸化反応を達成し、ポリオレフィン側鎖の内
部オレフィン部位が反応性を示すことを明らかにした。そこで、本章の目的の 2 つ目として、P1 の化学
修飾に利用できる反応の拡大を目指し、自動酸化とは異なるアプローチでの P1 の化学修飾を行った。














まずは第 2 章での確立した M1 合成手法 4-7を基に、ステアリン酸（18:0）、リノール酸（18:2）、リノ
レン酸（18:3）から対応するα-オレフィンである M0（18:0）、M2（18:2）、M3（18:3）をそれぞれ高い



























Scheme 3-5 Synthesis and polymerization of monomers from various fatty acids 
Table 3-1 Results of polymerization reactions 
Entry Catalyst a) Monomer 
Yield  
(%) 
Mn × 10–3 b) PDI DP c) 
1 A M0 90 19.8 1.67 83 
2 d) A M1 80 16.4 1.55 69 
3 A M2 42 21.6 1.52 92 
4 A M3 0 － － － 
5 d) B M1 42 12.7 1.71 54 
6 B M2 0 － － － 
7 B M3 0 － － － 
8 d) C M1 0 － － － 
9 C M2 0 － － － 
10 C M3 0 － － － 
Reaction temperature 25 °C, reaction time 24 h, Monomer:MAO:catalyst = 17000:1000:1  
a) A: Et(Ind)2ZrCl2, B: (Ind)2ZrCl2 C: Ph2C(Cp)(9-fluorenyl)ZrCl2.  
b) Estimated by GPC calibrated on polystyrene standards.  
c) Degree of polymerization based on Mn calculated by GPC. 
d) From Table 2-2 (chapter 2.4) 






得られたオレフィン類に対して、第 2 章で見出した M1 の重合での最適条件にて Cat. A, B, C を使用
して重合反応を実施した 7-9（Table 3-1）。Cat. A での重合の結果、M0 では収率 90％で Mn=19,800 の
白色固体のポリマー（entry 1, Table 3-1）、M2 では収率 42％で Mn=21,600 のオイル状のポリマーがそ
れぞれ得られた（entry 3, Table 3-1）。一方で M3 では重合反応が進行しなった（entry 4, Table 3-1）。
これらの結果から、モノマーの内部オレフィンの数が増えるほど重合活性は下がるという傾向が明らか
になった。一方、Cat. B での重合反応も併せて実施したが、M2、M3 においては重合反応が進行しなか
った（entry 6, 7, Table 3-1）。Cat. C ではどのモノマーも重合反応は進行しなかった（entry 8-10, Table 
3-1）。 
得られた P0（entry 1, Table 3-1）、P2（entry 3, Table 3-1）は NMR 測定にて帰属を行った。P0 は 1H 
NMR スペクトルにおいて、モノマーの末端オレフィン部位由来のシグナルの消失が見られ、重合反応
の進行が確認できた(Fig. 3-4)。P2 も同じく 1H NMR スペクトルにおいて、モノマーの末端オレフィン
部位由来のシグナルの減少と内部オレフィン由来のシグナルの残存が確認できたことから、末端オレフ
ィン部位選択的な重合反応の進行が確認できた(Fig. 3-5)。また、13C{1H } NMR スペクトルにおいて 17
本の非等価なシグナルを確認し、末端オレフィン部位選択的な重合反応が進行した際に得られるポリマ
ーの構造に帰属することが出来た(Fig. 3-6 (a))。更に 13C{1H } NMR スペクトルにおいて、主鎖から側
鎖に分岐する位置の炭素に帰属されるシグナルが 1 本のシャープなシグナルを示したことから、立体的
な構造欠陥は殆ど無いものと考えられるため、isotactic 選択率（mmmm 率）は 99％以上と判断した(Fig. 
3-6 (b))。M3 において全く反重合応が起きなかった原因は第 2 章の Fig. 2-14 での考察と同じく、モノ


































M0 の単独重合が進行した事から、M1 と共重合を起こせる可能性があると考えた。触媒は Cat. A が
重合に最も有効な触媒と判断し、Cat. A で M0 と M1 の共重合反応を行った(Scheme 3-6)。反応性オレ
フィン部位を持つ M1 と持たない M0 を様々な割合で混合し、共重合を行うことで反応性オレフィン部
位の導入率を制御できるか検討を行った（entry 1~3, Table3-2）。M1、M0 をそれぞれ、仕込み比 5:5、
8:2、3:7 の割合で共重合反応を行った結果、それぞれ分子量 20000 程度のポリマーを高い収率で得るこ
とが出来た(Table 3-2)。 
仕込み 5:5 の条件で得たポリマーの 1H NMR スペクトルより、末端オレフィン部位選択的に重合が進
行した（Fig. 3-7）。また、1H NMR スペクトルより、M1 の導入率は側鎖末端のメチル基の積分値と M1
ユニットに含まれる内部オレフィンの積分値の比より算出でき、M1 の仕込み比がポリマーへの導入率
に反映されていることが分かった(Fig. 3-7)。13C {1H} NMR スペクトルではポリマー中の P1 ユニット
P0 ユニットのメチレン基由来のシグナルは化学的な環境が似ているためシグナルのオーバーラップが
見られるが、共重合体の合成が確認できた(Fig. 3-8, 9)。仕込み比 8:2、3:7 の割合で得た共重合体にお
いても 1H NMR スペクトルより、M1 の仕込み比がポリマーへの導入率に反映されていることが分かっ




Scheme 3-6 Copolymerization of M0 and M1 with Cat. A (Et(Ind)2ZrCl2). 
 




M1 : M0 : Cat. A 
Yield 
(%) 














5100 : 11900 : 1 83 21,900 1.64 31 
Cat. A: Et(Ind)2ZrCl2(0.2 μmol), Toluene 2.0 ml, MAO (1000 eq. vs cat. A),  














Fig. 3-9 13C {1H} NMR spectrum of iso-co-P1/P0(5:5) (entry 1, table 3-2) (150 MHz, C2D2Cl4, 373 K). 
 
 





























3.3.2 P2 の自動酸化反応と接着性の評価 
得られた P2 もオレイン酸から得た P1 と同様に空気下で加熱することで自動酸化反応を起こす事が




酸化反応を受けやすいことが知られている。iso-P1 は 120 ℃で 20 時間加熱した際に引張せん断接着強


















































3.4.1 P1 の臭素化反応 
 
 





1 を参考に分子臭素を使用し、iso-P1 側鎖の内部オレフィン部位の臭素化反応を行った。反応前の iso-
P1 の 13C NMR スペクトルでは 129 ppm に側鎖の内部オレフィンに帰属されるシグナルが確認できる
が、臭素化反応後の 13C{1H} NMR スペクトルでは内部オレフィン由来のシグナルは消失し、新たにハ
ロゲン化アルキル由来のシグナルが 59 ppm に出現した事から反応はほぼ定量的に進行していることが
確認できた（Fig. 3-14）。また、側鎖に分岐した部分の炭素原子の 13C{1H} NMR スペクトルより、反応
後もアイソタクチックが保持されていることが明らかになった（Fig. 3-15）。また、ata-P1 も iso-P1 と
同様の手順で臭素化反応が進行した（Fig. 3-16）。臭素化したポリマーは溶解性が非常に低く atactic 構
造に起因するブロードなシグナルの判断が難しいが、Br-iso-P1 で観測された isotactic 由来の 34.9 ppm
のシグナルがブロード化している事から、反応の前後でアタクチック構造が保持されていると思われる














Fig. 3-15 13C{1H} NMR spectra of iso-P1 and Br-iso-P1 (150 MHz, C2D2Cl4, 373 K). 
 
 

















3.4.2 P1 のエポキシ化反応 
 
 
Scheme 3-9 Epoxidation of iso-P1 and ata-P1 
 
既報の文献 2, 13, 14を参考に酸化剤として m-CPBA を使用して iso-P1 側鎖の内部オレフィン部位のエ
ポキシ化反応を行った。反応前の iso-P1 の 1H NMR スペクトルでは 5.4 ppm に側鎖の内部オレフィン
に帰属されるシグナルが確認できるが、エポキシ化反応後の 1H NMR スペクトルでは内部オレフィン
由来のシグナルは消失し、新たにエポキシド由来のシグナルが出現した事から、反応はほぼ定量的に進
行していることが確認できた（Fig. 3-19）。13C{1H} NMR スペクトルにおいてはメチレン炭素のシグナ
ルがいくつかオーバーラップしているものの、同様にエポキシ化反応の進行を確認した（Fig. 3-20, 21）。









Fig. 3-20 13C {1H} NMR spectra of iso-P1 and Epoxy-iso-P1 (150 MHz, C2D2Cl4, 373 K). 
 
 









また、ata-P1 も iso-P1 と同様に m-CPBA を使用しエポキシ化反応が定量的に進行したことが 1H 













Fig. 3-23 1H NMR spectra of ata-P1 and Epoxy-ata-P1 (600 MHz, C2D2Cl4, 373 K). 
 
 





Fig. 3-25 13C {1H} NMR spectra of ata-P1 and Epoxy-ata-P1 (150 MHz, C2D2Cl4, 373 K). 
 
前節で合成した共重合体でもエポキシ化を実施した。共重合体の内部オレフィン比を基準に m-
CPBA を 1.2 等量加えて反応を行った。iso-P1 のエポキシ化反応と同じく、反応は定量的に進行し、高





Scheme 3-10 Epoxidation of iso-co-P1/P0 
 
Table 3-3 Epoxidation of iso-co-P1/P0 
 




1 iso-co-P1/P0(5:5) 0.21 1.2 eq.c 78% 
2 iso-co-P1/P0(8:2) 0.34 1.2 eq.c 72% 
3 iso-co-P1/P0(3:7) 0.13 1.2 eq.c 81% 
Time:24 h, room temperature, solvent: CH2Cl2 (10 ml) 


























3.4.3 P1 のクロスメタセシス反応 


























 そこで、Coates らの報告 3を参考に P1 対して、ビニル基を有する 4-penten-1-ol とクロスメタセシス




penten-1-ol を 10 等量まで増やした。その結果、ポリマーの不溶化は起きなかった。得られた化合物の
1H NMR スペクトルを測定したところ、ヒドロキシ基が置換したメチレン水素(-CH2-OH)と思しきシ
グナルが 3.64 ppm に確認できた。メタノールで再沈させているため、残存の 4-penten-1-ol の可能性は
低いと思われる。また、メタノールは 3.49 ppm にシグナルが出現するため、残存のメタノールでもな




Scheme 3-13 Cross-metathesis reaction of iso-P1 with 4-penten-1-ol 
 
Table 3-4 Cross-metathesis reaction of iso-P1 with 4-penten-1-ol 
Entry Polymer a 4-penten-1-ol Temp. Time (h) OH conversion (%) 
1 iso-P1 1.0 eq b r.t. 24 0 (insoluble powder) 
2 iso-P1 3.0 eq b r.t. 24 0 (insoluble powder) 
3 iso-P1 5.0 eq b r.t. 24 0 (insoluble powder) 
4 iso-P1 10.0 eq b r.t. 24 5.0 
Time:24 h, room temperature, solvent: CH2Cl2(10 ml), cat: 2.0 mol% 
a : 100 mg  b : as internal olefin moiety of copolymer (100 mg) 






























 以上、本章では 2 章で合成した P1 よりも側鎖の内部オレフィンの数が多い反応性ポリオレフィンの








































Stearic acid, oleic acid, linoleic acid and linolenic acid were purchased from TCI chemical. Et(Ind)2ZrCl2 (cat.A) 
and Ph2C(Cp)(9-fluolenyl)ZrCl2 (cat. C) were purchased from WAKO chemical. (Ind)2ZrCl2 (cat.B) was 
synthesized referring to reported procedure [23]. Methylaluminoxane (MAO) (7 wt% aluminium in toluene) was 
purchased from Sigma-Aldrich. Other materials and solvents were purchased from Sigma-Aldrich and TCI. All of 
the regents were used without further purification unless otherwise stated. All solvents were dried by CaH2 before 
using. 
 
General measurements and characterization 
The 1H and 13C{1H} NMR spectra were collected on a Bruker AVANCEIII 400 spectrometer (400 MHz) at room 
temperature with CDCl3 as the solvent and Bruker AVANCEIII 600 spectrometer (600 MHz) at 100 °C with 
C2D2Cl4 as the solvent. FT-IR spectra were run on a JASCO FT-IR 6800 spectrometer with KBr discs. Molecular 
weight of polymers was estimated by a GPC system equipped with polystyrene gel columns, using CHCl3 as an 
eluent after calibration with polystyrene standards.  
 
General procedures for conversion of fatty acids to corresponding olefins 
A dried 200 mL flask was charged with fatty acid (25.0 mmol), pivalic anhydride (9.20 g, 50.0 mmol), 
palladium chloride(II) (133 mg, 0.750 mmol), bis[2-(diphenylphosphino) phenyl] ether (1.21 g, 2.25 mmol), 
and triethylamine (0.300 mL, 2.30 mmol). N,N'-dimethylpropyleneurea (50 mL) was added and degassed 
by 3 times of freeze-pump-thaw cycles. The reaction was stirred 15 h at 110 °C. After the reaction was 
complete (monitored by TLC), 200 mL of ethyl acetate was added and the organic layer was washed wi th 
200 mL of saturated ammonium chloride aqueous solution and brine. The product was filtered through an 
amine functionalized silica gel pad (Φ60 x 50 mm) using hexane as eluent. After concentrating to dryness, 
crude product was purified by silica column chromatography (Φ50 x 150 mm) using hexane as eluent. After 
concentrating to dryness, pure product was obtained.  
 
M0 (1-heptadecene) 
M0 was obtained (4.9 g, 82%) as a white powder.1H NMR (400 MHz, CDCl3, ): 5.84–5.79 (ddt, J = 16.8, 10.0, 
6.8 Hz, 1H), 5.02–4.94 (m, 2H), 2.06–2.02 (m, 6H), 1.41–1.27 (m, 18H), 0.89 (t, J = 6.9 Hz, 3H). 
 
M1 ((8Z)-1,8-heptadecadiene) 
M1 was obtained (4.2 g, 71%) as a transparent oil. 1H NMR (600 MHz, C2D2Cl4, δ): 5.84–5.79 (ddt, J = 16.8, 10.0, 
6.8 Hz, 1H), 5.39–5.33 (m, 2H), 5.02–4.94 (m, 2H), 2.06–2.02 (m, 6H), 1.41–1.27 (m, 18H), 0.89 (t, J = 6.9 Hz, 
3H) ; 13C{1H} NMR (150 MHz, C2D2Cl4, δ):139.1, 130.0, 129.7, 114.2, 33.7, 31.8, 29.7, 29.5, 29.4, 29.2, 28.8, 28.7, 






M2 was obtained (4.6 g, 78%) as a transparent oil.1H NMR (600 MHz, C2D2Cl4, ): 5.87–5.77 (ddt, J = 17.0, 10.0, 
6.8 Hz, 1H), 5.45–5.28 (m, 6H), 5.04–4.91 (m, 2H), 2.82(t, J = 6.0 Hz, 4H), 2.11–2.03 (m, 6H), 1.42–1.24 (m, 6H), 
0.99 (t, J = 7.2 Hz, 3H); 13C{1H} NMR (150 MHz, C2D2Cl4, 373 K, ): 139.1, 130.2, 130.0, 128.0, 127.9, 114.2, 
33.7, 31.4, 29.4, 29.3, 28.8, 28.7, 27.2, 27.1, 25.6, 22.5, 14.1. 
 
M3 ((8Z,11Z,14Z)-1,8,11,14-heptadecatetraene) 
M3 was obtained (5.0 g, 87%) as a transparent oil.1H NMR (400 MHz, CDCl3, ): 5.85–5.79 (ddt, J = 17.1, 10.8, 
6.6 Hz, 1H), 5.39–5.33 (m, 4H), 5.02–4.92 (m, 2H), 2.77(t, J = 6.6 Hz, 2H), 2.07–2.03 (m, 6H), 1.40–1.26 (m, 12H), 
0.89 (t, J = 6.9 Hz, 3H). 
 
General procedure of polymerization of olefin monomers  
Zr catalyst (cat.A-C) (5.0 μmol) was dissolved in 2.5 mL toluene and catalyst solution (0.10 mL, 0.20 μmol) 
was activated with MAO in toluene (0.10 mL, 0.10 mmol-Al). A 20 mL dried greaseless Schlenk tube was 
charged with dry toluene (2.0 mL), olefin monomer (3.4 mmol) and MAO in toluene (0.10 mL, 0.10 mmol-
Al). Mixture was stirred for 15 minutes at room temperature and then activated catalyst solution was added. 
Corresponding monomer/MAO/catalyst ratio was 17000:1000:1. The reaction was carried out at 25 °C and 
was quenched after 24 h by addition of 1.0 mL methanol and 1.0 mL of HCl (3.5% in water). The reaction  
mixture was diluted with 10 mL of CHCl3 and washed two times with 10 mL of distilled water. After drying 
the organic fraction over Na2SO4, the solvent was removed under vacuum. Residual monomer was removed 
by dissolving the product in CHCl3 followed by precipitation with 300 mL of methanol for 2 days. 
Subsequently, the product was dried in vacuum.  
 
P0 (entry 1, Table 3-1) 
730 mg of white powder was obtained (yield 90%). 1H NMR (400 MHz, CDCl3, 298 K, ): 1.35–1.15 (br, 
28H), 1.15–0.91 (br, 2H),0.88 (t, J = 6.6 Hz, 3H). 
 
isotactic-P1 (entry 2, Table 3-1) 
641 mg of transparent viscous oily product was obtained (yield 80%). 1H NMR (600 MHz, C2D2Cl4, 373 
K, ): 5.42–5.37 (m, 2H), 2.08–2.06 (br, 4H), 1.51–1.21 (br, 21H), 1.20-1.10 (br, 2H), 0.94 (t, 3H); 13C{1H} 
NMR (150 MHz, C2D2Cl4, 373 K, ): 129.7, 129.6, 40.4, 34.9, 32.6, 31.6, 29.8, 29.7, 29.6, 29.3, 29.1, 29.0, 
27.2, 27.1, 26.4, 22.3, 13.7. 
 
atactic-P1 (entry 5, Table 3-1) 
337 mg of transparent viscous oily product was obtained (yield 80%).1H NMR (600 MHz, C2D2Cl4, 373 K, 
):  5.43–5.37 (m, 2H), 2.08–2.06 (br, 4H), 1.58–1.10 (br, 23H), 0.94 (t, 3H); 13C {1H} NMR (150 MHz, 
C2D2Cl4, 373 K, ): 129.7, 129.6, 41.6-40.5(br), 34.9-33.6(br), 32.9, 31.6, 29.8, 29.7, 29.6, 29.3, 29.1, 29.0, 




P2 (entry 3, Table 3-1) 
334 mg of transparent viscous oily product was obtained (yield 42%).1H NMR (600 MHz, C2D2Cl4, 373 K, 
): 5.50–5.31 (m, 4H), 2.813 (t, J = 6.6, 2H), 2.18-2.02 (br, 4H), 1.54–1.21 (br, 17H), 1.20-1.10 (br, 2H), 
0.93 (t, 3H); 13C{1H} NMR (150 MHz, C2D2Cl4, 373 K, ): 130.0, 129.9, 127.9, 127.8, 40.3, 34.8, 32.5, 
31.3, 29.8, 29.6, 29.1, 27.2, 27.0, 26.4, 25.6, 22.3, 13.7. 
 
Copolymerization procedure of M0 and M1  
Et(lnd)2ZrCl2 (5.0 μmol) was dissolved in 2.5 mL toluene. A 20 mL dried greaseless Schlenk tube was 
charged with dry toluene (2.0 mL), M0 and M1 (total 3.40 mmol), MAO in toluene (0.2 mL, 0.20 mmol-
Al), and catalyst solution (0.10 mL, 0.20 μmol). M0 and M1/MAO/catalyst ratio was 17000:1000:1. The 
reaction was carried out at 25 °C and was quenched after 24 h by addition of 1 mL methanol and 1 mL of 
HCl (3.5% in water). The reaction mixture was diluted with 10 mL of CHCl3 and washed two times with 
10 mL of distilled water. After drying the organic fraction over Na2SO4, the solvent was removed under 
vacuum. Residual monomer was removed by dissolving the product in CHCl3 followed by precipitation 
with 300 mL of methanol for 2 days. Subsequently, the product was dried in vacuum. Transparent viscous 
oily product was obtained.  
 
iso-co-P1/P0(5:5) (entry 1, Table 3-2) 
1H NMR (400 MHz, CDCl3, r.t.):  = 5.42–5.37 (m, 1.1H), 2.08–2.06 (br, 2.2H), 1.49–1.25 (br, 23H), 1.20-1.10 
(br, 2H), 0.95 (t, 3H); 13C{1H} NMR (150 MHz, C2D2Cl4, 373 K):  =40.5, 35.0, 32.7, 31.7, 30.1, 29.5, 29.1, 26.4, 
22.4, 13.7. 
 
iso-co-P1/P0(8:2) (entry 2, Table 3-2) 
1H NMR (400 MHz, CDCl3, r.t.):  = 5.42–5.37 (m, 1.6H), 2.08–2.06 (br, 3.2H), 1.49–1.25 (br, 23H), 1.20-1.10 
(br, 1H), 0.95 (t, 3H) 
 
iso-co-P1/P0(3:7) (entry 3, Table 3-2) 
1H NMR (400 MHz, CDCl3, r.t.):  = 5.42–5.37 (m, 0.6H), 2.08–2.06 (br, 1.2H), 1.49–1.25 (br, 24H), 1.20-1.10 











Simplified lap shear test 
Lap shear tests were conducted referring to JISK6850. Glass plates were used as substrates with a size of 10 cm 
(length) × 2.5 cm (width) × 2.0 mm (thickness). The overlap area was 1.2 × 2.5 cm2. All substrates were washed 
with CHCl3 before use. 60 mg of P2 was applied on the overlap area. The substrates were clamped and cured by 
heating in an oven for various time (4-20 h) and then placed at room temperature for 24 h. Lap shear adhesion 
measurements were conducted by adding various weight to the substrates. The maximum bonding force in 
Newtons was recorded. The lap share strength in MPa scales was calculated by dividing the maximum load at 
failure in N, by overlap area in square meters (N/mm2). 
 
General procedure of bromination of P1 
A 50 mL dried Schlenk tube was charged with 10 mL CCl4 solution of P1 (100 mg, 0.42 mmol as internal olefin) 
and bromine (1.0 mL, mmol). The reaction was carried out at room temperature and was quenched after 24 h by 
addition of 20 mL of 20wt% of NaHSO3 aqueous solution. The mixture was stirred for 5 h, and then the organic 
phase was extracted into CH2Cl2 (2x10 mL). The combined organic layers were washed with a 20 % NaHCO3 (3x10 
mL) and distilled water (1x30 mL). After drying the organic fraction over Na2SO4, the solvent was removed under 
vacuum. Residual impurities were removed by dissolving the product in CHCl3 followed by precipitation with 200 
mL of methanol for 1 day. Subsequently, the product was dried in vacuum.  
 
Brominated-iso-P1 
85 mg of yellow viscous oily product was obtained (yield 51%).1H NMR (600 MHz, C2D2Cl4, 373 K, ):  4.27 (m, 
2H), 2.15–2.07 (br, 2H), 1.98-1.89 (br, 2H), 1.71- 1.61 (br, 2H), 1.55-1.10 (br, 19H), 0.95 (t, 3H); 13C {1H} NMR 
(150 MHz, C2D2Cl4, 373 K, ): 59.8, 59.7, 40.6-39.8(br), 34.9-33.2(br), 32.9-31.9(br), 31.8, 30.2, 29.5, 29.4, 29.1, 
27.8, 27.7, 26.8, 26.6, 26.3, 22.6, 14.1. 
 
Brominated-ata-P1 
97 mg of yellow viscous oily product was obtained (yield 58%).1H NMR (600 MHz, C2D2Cl4, 373 K, ):  4.22 (d, 
2H), 2.06-1.98 (br, 2H), 1.85–1.81 (br, 2H), 1.65-1.53 (br, 2H), 1.49-1.15 (br, 19H), 0.88 (t, 3H); 13C {1H} NMR 
(150 MHz, C2D2Cl4, 373 K, ): 62.9, 62.8, 40.6-39.8(br), 37.5-36.1(br), 35.1, 31.8, 29.5, 29.4, 29.2, 28.8, 27.9, 27.8, 
26.8, 26.5-25.5(br), 22.6, 15.8 
 
General procedure of epoxidation of P1 
A 50 mL dried Schlenk tube was charged with 10 mL CH2Cl2 solution of P1 (100 mg, 0.42 mmol as internal 
olefin) and m-CPBA (0.50 mmol). The reaction was carried out at 25 °C and was quenched after 24 h by 
addition of 10 mL of 20wt% Na2S2O3 aqueous solution. The mixture was stirred for 2h, and then the organic 
phase was extracted into CH2Cl2 (2x10 mL). The combined organic layers were washed with a 20 % 
NaHCO3 (3x10 mL) and distilled water (1x30 mL). After drying the organic fraction over Na2SO4, the 
solvent was removed under vacuum. Residual m-CPBA was removed by dissolving the product in CHCl3 
68 
 




81 mg of transparent viscous oily product was obtained (yield 76%). 1H NMR (600 MHz, C2D2Cl4, 373 K, ):  2.83 
(m, 2H), 2.08–2.06 (br, 4H), 1.58–1.10 (br, 23H), 0.94 (t, 3H); 13C {1H} NMR (150 MHz, C2D2Cl4, 373 K, ): 56.6, 
56.5, 40.2, 34.8, 32.5, 31.6, 30.0, 29.3, 28.9, 27.8, 27.7, 26.6, 26.5, 22.3, 13.7. 
 
Epoxy-ata-P1 
72 mg of transparent viscous oily product was obtained (yield 68%).1H NMR (600 MHz, C2D2Cl4, 373 K, ):  2.83 
(m, 2H), 2.08–2.06 (br, 2H), 1.58–1.10 (br, 19H), 0.94 (t, 3H); 13C {1H} NMR (150 MHz, C2D2Cl4, 373 K, ): 56.9, 
56.8, 40.2, 34.8, 32.5, 31.6, 30.0, 29.3, 28.9, 27.8, 27.7, 26.6, 26.5, 22.3, 13.7. 
 
General procedure of cross metathesis reactions 
iso-P1 (0.42 mmol as internal olefin) was dissolved with 10 mL CH2Cl2, and 4-penten-1-ol (10 equivalents, 0.2 
mmol, 0.024 mL) in a 50 ml dried Schlenk tube. The Grubbs 2nd catalyst was added by syringe (0.02 equivalents, 
0.0004 mmol, 0.34 mg in 1.0 mL of CH2Cl2). The reaction was stirred under a slight dynamic vacuum. The reaction 
was carried out at room temperature. After 24 hours, the polymer was precipitated into 200 mL of methanol, filtered 
and dried under vacuum. 95 mg of transparent viscous oily product was obtained (yield 95%) 
 
Cross-iso-P1 
1H NMR (400 MHz, CDCl3, 298 K, ): 5.42–5.37 (m, 2H), 3.70-3.57 (br, 0.2H), 2.08–2.06 (br, 4H), 1.51–1.21 (br, 
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4.2 シトラールを原料とした 1,3-ジエンの合成 
 Lebel らは N-ヘテロ環状カルベン Cu 錯体を触媒とし、アルデヒドやケトン類の効率的なオレフィン
変換反応を報告している 5。一般的には Wittig 反応で行われるが、大量のリン化合物が副生するため、
触媒反応である本反応はよりクリーンであると言える。文献を参考にシトラールの 1,3-ジエンへの変換




タン（TMSHN2）のトリメチルシリル基のプロトンは 0.4 ppm に出現する事から、精製できない不純物
はアルキル化剤由来の物と考えられる。そこで、多量の副生成物が生じてしまうが、アルキル化剤を使
用しない Wittig 反応に切り替えて 1,3-ジエンへの変換反応を行った。 
 
 
Scheme 4-2 Synthesis of citral-1,3-diene with Cu catalyst 
 
 





Wittig 反応でのシトラールの 1,3-ジエンへの変換反応を行った（Scheme 4-3）。既報の文献 1~4の手法
を参考に、収率 78％で化合物を得た。1H NMR スペクトルでは不純物のシグナルも殆ど観測されず、目
的の 1,3-ジエンが得られた（Fig. 4-2）。スケールを上げて合成を試みたところ、収率は 51％まで落ちた。



















4.3 Citral-1,3-diene と Ocimene の重合検討 
4.3.1 1,3-decadiene をモノマーとしたモデル重合 
本節では、簡便に合成もしくは入手可能で 1,3-ジエンに対して重合活性のある Ni(acac)2 触媒 8、
CoCl2(PiPrPh2)2触媒 9,10、CpTiCl3触媒 11を利用した 1,3-decadiene の重合を行った(Scheme 4-4)。第 2







Scheme 4-4 Polymerization of 1,3-decadiene and (6Z)-6-dodecene with various catalysts 
 
 








4.3.2 金属錯体を触媒とした Citral-1,3-diene と Ocimene の重合検討 
 
Scheme 4-5 Polymerization of 1,3-diene from terpenoids 
 
Table 4-1 Polymerization of 1,3-diene from terpenoids 







Mnd PDI cis-1,4 : 1,2 
1 a Citral-diene Ni(acac)2 96 10 0 － － － 
2 b Citral-diene CoCl2(PiPrPh2)2 144 -20 0 － － － 
3 c Citral-diene CpTiCl3 24 70 50 2.3 1.4 0:100 
4 c Citral-diene CpTiCl3 48 70 － － － Insoluble e 
5 a Ocimene Ni(acac)2 96 10 0 － － － 
6 b Ocimene CoCl2(PiPrPh2)2 144 -20 0 － － － 
7 c Ocimene CpTiCl3 24 70 － － － Insoluble e 
8 c Ocimene CpTiCl3 24 70 63 123 1.7 55:45 
Entry 7 and 8 are same reaction conditions. Precipitation time of entry 7 was longer than entry 8. 
a) Monomer:MAO:catalyst = 500:500:1, solvent: toluene 3.0 mL 
b) Monomer:MAO:catalyst = 650:150:1, solvent: toluene 3.0 mL 
c) Monomer:MAO:catalyst = 500:450:1, solvent: toluene 3.0 mL 
d) Estimated by GPC calibrated on polystyrene standards.  






反応を行った（Table 4-1）。その結果を Table 4-1 に示す。シトラール-1,3-ジエンでは 1,2-構造選択的
な Mn = 2,300 のオイル状のオリゴマーが得られた(entry 3, Table 4-1)。オシメンでは、cis-1,4-構造が
55％、1,2-構造が 45％Mn = 123,000 のポリマーが得られた(entry 8, Table 4-1)。詳しくは後で述べる
が、得られたポリマーの構造の帰属については同じくテルペノイド由来の 1,3-ジエンであるファルネセ




（entry 4, 7, Table 4-1）。一方で、1,3-ジエンの重合に活性がある Ni(acac)2触媒、CoCl2(PiPrPh2)2触媒
で重合反応を実施したが、シトラール-1,3-ジエン、オシメン共に全く重合反応が起こらなかった（entry 




得られたポリマーの構造解析について述べる。1,3-ジエン系のポリマーの 1H NMR スペクトルはブロ
ードなシグナルが観測されるため、13C{1H} NMR スペクトルから構造解析を行った。ポリシトラール-
1,3-ジエンの 13C{1H} NMR スペクトルは非等価なシグナルの数が少なく高い構造選択性を示す事が分
かった。ファルネセンやミルセンのポリマーの 13C{1H} NMR スペクトルを参考にして解析した結果、
1,4-構造に帰属されるシグナルが全く観測されず、1,2-構造選択的であることが分かった (Fig.4-4, 5)。
更に C3 に帰属されるシグナルは C8 と重なってはいるが、非常にシャープなシグナルである事と、付
近に構造欠陥に起因するシグナルが殆ど観測されないことから rrrr 分率=99%の高い syndiotactic 選択
性を示した(Fig.4-4)。33 ppm 近辺に 1,2-構造にも 1,4-構造にも帰属出来ないブロードなシグナルが若
干観測されたが、1,2-構造選択的かつ syndiotactic 選択的な重合反応が進行した。 
 





Fig. 4-5 13C{1H} NMR spectrum of poly-citral-1,3-diene (entry 8, Table 4-1 ) (150 MHz, C2D2Cl4, 373 K). 
 
ポリオシメンの 13C{1H} NMR スペクトルはポリシトラール-1,3-ジエンと対称的に、非等価なシグナ
ルの数が多く、ポリマー中に複数の構造が存在することが示唆された。ファルネセンやミルセンのポリ
マーの 13C{1H} NMR スペクトルを参考にして解析した結果、ポリマーの溶解度が非常に低いため、不
明瞭なシグナルも存在するが、cis-1,4-構造由来のシグナルと 1,2-構造由来のシグナルにそれぞれ帰属し
た (Fig.4-6, 7)。タクティシティについては、cis-1,4-構造の C６に帰属されるシグナル、1,2-構造の C3’
に帰属されるシグナルに着目したがシグナル強度が弱いため、信頼性の高い数値を出すことは難しいと
判断した。cis-1,4-構造と 1,2-構造の割合は 1H NMR スペクトルから求めることが出来る。類似のポリ
マーの構造解析を参考にすると、cis-1,4-構造の C6 に帰属されるシグナルと、1,2-構造の C6’に帰属さ
れるシグナルはそれぞれ 2.5 ppm (cis-1,4)、2.7 ppm(1,2)に観測される (Fig.4-8)。cis-1,4-構造、1,2-構









Fig. 4-6 13C{1H} NMR spectrum of poly-ocimene (entry 8, Table 4-1 ) (150 MHz, C2D2Cl4, 373 K). 
 
 






Fig. 4-8 1H NMR spectrum of poly-ocimene (entry 8, Table 4-1 ) (600 MHz, C2D2Cl4, 373 K) 
 
シトラール-1,3-ジエンから 1,2-構造選択的なオリゴマーが、オシメンからは cis-1,4-構造が 55％、1,2-
構造が 45％のポリマーが得られた事について考察を行った(Scheme 4-6)。シトラール-1,3-ジエンは C4
の炭素にメチル基が置換しており、-allyl 錯体を経てより立体障害の小さい C2 側に Ti が配位するた
め、1,2-構造選択的に反応すると考えられる(Scheme 4-6 (a))。一方、オシメンの場合は C3 の炭素にメ
チル基が置換しており立体障害の影響を受けないため、-allyl 錯体を経た後に C2 側にも C4 側にも Ti
が配位できる(Scheme 4-6 (b))。従って、cis-1,4-構造と 1,2-構造がほぼ同じ割合になったと考えられる。 
 
 





ジエン類の重合を報告している 11。4-methyl-1,3-pentadiene からは 1,2-構造選率 98％のポリマーを、




























































Citral was purchased from TCI chemical. Ocimene and Ni(acac)2 were purchased from Sigma-Aldrich. Titanium 
catalysts were purchased from WAKO chemical. Co catalyst was synthesized referring to reported procedure 9. 
Other materials and solvents were purchased from Sigma-Aldrich and TCI. All of the regents were used without 
further purification unless otherwise stated. All solvents were dried by CaH2 before using. 
 
General measurements and characterization 
The 1H and 13C{1H} NMR spectra were collected on Bruker AVANCEIII 400 spectrometer (400 MHz) at room 
temperature with CDCl3 as the solvent and a Bruker AVANCEIII 600 spectrometer (600 MHz) at 100 °C with 
C2D2Cl4 as the solvent. Molecular weight of polymers was estimated by a GPC system equipped with polystyrene 
gel columns, using CHCl3 as an eluent after calibration with polystyrene standards.  
 
Synthesis of citral 1,3-diene (2,6-dimethyl-nona-2,6,8-triene) by Cu-catalyzed methylenation 
A 200 mL dried Schlenk tube was charged with dry THF (50 mL), triphenylphosphine 1440 mg (5.5 mmol), 
Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]copper(I) 121 mg (0.25 mmol), 2-propanol 0.42 mL (5.5 
mmol), citral 0.86 mL (5.0 mmol) and the trimethylsilyldiazomethane ether solution 12 mL (7.0 mmol) under inert 
atmosphere. The resulting mixture was then heated at 60 °C and the reaction was stirred for 16 h. Afterward, 3% 
H2O2 (50 mL) was added and the organic layer was extracted three times with ether (50 mL). The combined organic 
layers were washed three times with brine (50 mL). The solvent was removed under reduced pressure and the crude 
product was purified by silica gel chromatography with hexane as eluent. 533 mg of crude product was obtained. 
 
Synthesis of citral 1,3-diene (2,6-dimethyl-nona-2,6,8-triene) by Wittig reaction 
A mixture of methyltriphenylphosphonium bromide 2.76 g (7.78 mmol) and potassium tert-butoxide 873 mg (7.78 
mmol) were stirred at 0 ºC in anhydrous THF 20 mL for 5 min and then citral 1.2 mL (6.49 mmol) was added 
dropwise. After the addition, the reaction was stirred at room temperature overnight. The mixture was diluted by 
ether (30 mL). Precipitated white solid was filtered. The filtrate was evaporated to dryness and the residue was 
purified by silica gel chromatography with hexane as eluent. 761 mg of colorless oil was obtained (78%). 
1H NMR (400 MHz, CDCl3, δ): 6.63–6.54 (dt, J = 17.0, 10.3, 0.7 Hz, 1H), 5.26–5.33 (m, 2H), 5.02–4.91 (m, 1H), 
2.23–2.04 (m, 4H), 1.78 (s, 1H), 1.76 (s, 2H), 1.69 (s, 3H), 1.61 (s, 3H). 
 
General polymerization procedure with Ni(acac)2 (entry 1, 5 in Table 4-1) 
Ni(acac)2 (20 μmol) was dissolved in 10 mL toluene. A 20 mL dried greaseless Schlenk tube was charged 
with dry toluene (3.0 mL), 1,3-diene monomer (1.0 mmol), MAO in toluene (1.0 mL, 1.0 mmol-Al), and 
catalyst solution (1.0 mL, 2.0 μmol). Monomer /MAO/catalyst ratio was 500:500:1. The reaction was 
carried out at 10 °C and was quenched after 96 h by addition of 2 mL methanol and 2 mL of HCl (3.5% in 
water). The reaction mixture was diluted with 10 mL of CHCl3 and washed two times with 10 mL of 




General polymerization procedure with CoCl2(P
iPrPh2)2 (entry 2, 6 in Table 4-1) 
A 20 mL dried greaseless Schlenk tube was charged with dry toluene (3.0 mL), 1,3-diene monomer (6.5 
mmol), MAO in toluene (1.5 mL, 1.5 mmol-Al), and CoCl2(P
iPrPh2)2 (10 μmol). Monomer /MAO/catalyst 
ratio was 650:150:1. The reaction was carried out at -20 °C and was quenched after 144 h by addition of 2 
mL methanol and 2 mL of HCl (3.5% in water). The reaction mixture was diluted with 10 mL of CHCl 3 
and washed two times with 10 mL of distilled water. After drying the organic fraction over Na 2SO4, the 
solvent was removed under vacuum. 
 
General polymerization procedure with CpTiCl3 (entry 3, 4, 7, 8 in Table 4-1) 
CpTiCl3 (0.27 mmol) was dissolved in 5.4 mL toluene. A 20 mL dried greaseless Schlenk tube was charged 
with dry toluene (3.0 mL), 1,3-diene monomer (5.0 mmol), MAO in toluene (4.5 mL, 4.5 mmol-Al), and 
catalyst solution (0.20 mL, 10.0 μmol). Monomer /MAO/catalyst ratio was 500:450:1. The reaction was 
carried out at 25 °C and was quenched after 24 h by addition of 1.0 mL methanol and 1.0 mL of HCl (3.5% 
in water). The reaction mixture was diluted with 20 mL of CHCl3 and washed two times with 20 mL of 
distilled water. After drying the organic fraction over Na2SO4, the solvent was removed under vacuum. 
Residual monomer was removed by dissolving the product in CHCl3 followed by precipitation with 300 
mL of methanol for 1 day. Subsequently, the product was dried in vacuum. 
 
Poly-citral-1,3-diene 
1H NMR (600 MHz, C2D2Cl4, 373 K, δ):  5.23–4.95 (br), 2.80–2.62(br), 2.60–2.40(br), 2.31–1.78(br), 1.78-1.22 




1H NMR (600 MHz, C2D2Cl4, 373 K, δ):  5.23–4.95 (br), 2.80–2.62(br), 2.60–2.40(br), 2.31–1.78(br), 1.78-1.22 
(br); 13C {1H} NMR (150 MHz, C2D2Cl4, 373 K, δ): 137.2, 136.8, 130.8, 130.4, 125.5, 124.6, 123.8, 47.1, 43.8, 













Preparation of thermoset polymer (Poly-citral-1,3-diene-CR) 
100 mg of Poly-citral-1,3-diene was applied to top of KBr crystal cube. The sample was placed on petri dish and 
heated in oven at 120 °C under air for overnight. Cured sample was dipped into the distilled water, then yellowish 
poly-citral-1,3-diene-CR sheet was obtained. 
 
Simplified lap shear test 
Lap shear tests were conducted referring to JISK6850. Glass plates were used as substrates with a size of 10 cm 
(length) × 2.5 cm (width) × 2.0 mm (thickness). The overlap area was 1.2 × 2.5 cm2. All substrates were washed 
with CHCl3 before use. 60 mg of poly-citral-1,3-diene was applied on the overlap area. The substrates were 
clamped and cured by heating in an oven for 20 h and then placed at room temperature for 24 h. Lap shear 
adhesion measurements were conducted by adding various weight to the substrates. The maximum bonding force 
in Newtons was recorded. The lap share strength in MPa scales was calculated by dividing the maximum load at 
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ンを有する M1 の合成を行った。内部オレフィンのモデル化合物である(6Z)-6-dodecene 存在下での
1-decene モデル重合反応を経て、M1 の末端オレフィン部位選択的重合に Et(Ind)2ZrCl2/MAO の触媒
系(Cat. A)が有効であると明らかにした。Cat. A を使用した M1 の重合反応は、末端オレフィン部位
選択的かつ isotactic 選択的に進行した。更に、(Ind)2ZrCl2/MAO の触媒系(Cat. B)を使い分けること







第 3 章では第 2 章で合成した P1 よりも側鎖の内部オレフィンの数が多い反応性ポリオレフィンの合
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